ABSTRACT: Crossbred pigs ( n = 96, BW = 7.5 kg) were used in a 5-wk trial to determine the effectiveness of supplemental Natuphos ® phytase in improving the bioavailabilities of P and other nutrients in a semipurified diet with soybean meal as the only P source in the basal diet. Two available P ( a P ) levels (.05 and .16%) and five phytase levels (0, 350, 700, 1,050, and 1,400 units/kg of diet) were used in a 2 × 5 factorial arrangement of treatments. In addition to the 10 diets, two extra diets were formulated to supply the recommended level of aP (.32%) with 0 and 1,400 units ( U ) of phytase/kg of diet. Graded levels of phytase resulted in linear increases in ADG ( P < .02), ADFI ( P < .01 at .16% aP only), and gain:feed ratio ( P < .03). Effects of adding phytase to the diet with .32% aP were observed only in the first 14 d of the study with increases in ADG ( P < .06) and gain:feed ( P < .02) for added phytase. Apparent digestibility (or absorption) coefficients (ADC) of DM, P, Ca, and N were estimated using chromic oxide as an indicator during wk 4 and 5. When phytase and P were added to the low P diet, the ADC of P was increased ( P < .01), but only small and variable changes in the ADC of DM, Ca, and N were observed. Fecal P excretion (grams per day) decreased as microbial phytase was added ( P < .01) and increased with added P ( P < .01). In comparison to the results with the .32% aP diet, fecal P excretion decreased 25 to 50% by the addition of phytase. The addition of phytase to the diet with .32% aP further improved ( P < .01) the ADC of P (54.5 vs 61.8%) and decreased ( P < .01) fecal P excretion (1.62 vs 1.38 g/d). Characteristics of 4th metacarpals and 10th ribs were consistently improved by increasing dietary levels of both phytase and P. On the basis of an assessment of R 2 values from secondorder translog equations, ADG, ADFI, P apparent absorption, bone ash percentage, and bone shear force were sensitive indicators to evaluate phytase efficacy of P availability in diets. Phosphorus equivalency of microbial phytase was calculated by using response equations for ADG and apparent P absorption. The average function of the release of P (Y, grams per kilograms) by microbial phytase (X, units per kilogram of diet) was developed with aP levels of .05 and .16%: Y = 1.546 − 1.504e −.0015X . The replacement of 1 g of inorganic P would require about 676 U of microbial phytase. This represents 77% of released P from phytate.
DM, Ca, and N were observed. Fecal P excretion (grams per day) decreased as microbial phytase was added ( P < .01) and increased with added P ( P < .01). In comparison to the results with the .32% aP diet, fecal P excretion decreased 25 to 50% by the addition of phytase. The addition of phytase to the diet with .32% aP further improved ( P < .01) the ADC of P (54.5 vs 61.8%) and decreased ( P < .01) fecal P excretion (1.62 vs 1.38 g/d) . Characteristics of 4th metacarpals and 10th ribs were consistently improved by increasing dietary levels of both phytase and P. On the basis of an assessment of R 2 values from secondorder translog equations, ADG, ADFI, P apparent absorption, bone ash percentage, and bone shear force were sensitive indicators to evaluate phytase efficacy of P availability in diets. Phosphorus equivalency of microbial phytase was calculated by using response equations for ADG and apparent P absorption. The average function of the release of P (Y, grams per kilograms) by microbial phytase (X, units per kilogram of diet) was developed with aP levels of .05 and
Introduction
Soybean meal is the main protein supplement fed to pigs in the United States. Approximately 60% of the P in soybean meal is in the form of phytate (Nelson et al., 1968; Reddy et al., 1982) , which is poorly available to pigs and leads to the presence of large amounts of P in pig manure (Cromwell and Coffey, 1991) . Phytase (EC 3.1.3.8) releases the orthophosphate group from the phytate molecule (Gibson and Ullah, 1990) , but phytase activity in the gastrointestinal tract of pigs and in soybean meal is limited (Pointillart et al., 1984 (Pointillart et al., , 1987 . Recently, a microbial phytase from Aspergillus has been used to improve the availability of phytate P in corn-soybean meal diets (Simons et al., 1990; Cromwell et al., 1993a; Lei et al., 1993b; Pallauf et al., 1994) . There is also some evidence that microbial phytase will enhance the utilization of DM, Ca, and CP in pigs (Ketaren et al., 1993; Mroz et al., 1994; Pallauf et al., 1994) . Little is known about P equivalency values of microbial phytase, which is the amount of inorganic P replaced by added phytase.
The purpose of this study was to evaluate the effectiveness of graded levels of Natuphos ® phytase for improving the bioavailabilities of P, Ca, and N and apparent digestibility of DM in young pigs fed soybean meal-based semipurified diets containing two levels of available P ( aP) . Also, response equations were generated for the evaluation of sensitive indicators of P nutriture and the calculation of P equivalency values of added microbial phytase in diets for pigs.
Materials and Methods

Animal and Feeding Management. A total of 96
crossbred pigs (equal number of barrows and gilts) were used. The pigs were weaned between 28 and 35 d of age and given a 7-d adjustment before dietary treatments were started. During the adjustment period, they were fed a diet containing 22% CP for 4 d (Maximum Wean 10−15, Southern States Cooperative, Richmond, VA) and then fed a 20% CP cornsoybean meal diet containing 10% dried whey for the remaining 3 d. After the adjustment period, pigs were weighed (average weight, 7.5 ± .2 kg) and randomly assigned to treatments within outcome groups based on sex and weight. Littermates were balanced across treatments as much as possible. The pigs (one barrow and one gilt) were housed in double-deck nursery pens (.6 × .9 m ) with expanded metal floors and a baffle between decks. Each pen was equipped with a nipple waterer and a stainless steel feeder.
The study was conducted in two similar, environmentally controlled rooms with 24 pens in each room. Room temperatures were initially set at 29°C and were lowered about 2°C/wk after the 2nd wk. A continuous lighting regimen and recommended (Murphy et al., 1990) air ventilation rates were maintained. Pigs had free access to water and diets, but due to poor flowability, the diets were agitated six times per day to ensure that pigs were receiving near ad libitum intake. The care and treatment of pigs followed published guidelines (Consortium, 1988) .
Treatments and Basal Diet. A 2 × 5 factorial arrangement of treatments was used to evaluate the response of weanling pigs to five levels of phytase and two levels of aP. Dietary aP levels were formulated to have .05 and .16% aP (or .22 and .32% total P [tP] , respectively), and each level of aP was supplemented with 0, 350, 700, 1,050, and 1,400 U phytase/kg of diet. According to the procedures of Engelen et al. (1994) , the assayed phytase activity of the five diet samples was <50, 320, 610, 900, and 1,320 U/kg of diet. A unit ( U) is defined as the quantity of enzyme that liberates 1 mmol of inorganic P per minute from 5.1 mM sodium phytate at pH 5.5 and 37°C (Engelen et al., 1994) . These P levels were formulated below the current NRC (1988) recommendations to create conditions favorable to observe a maximum response to phytase additions. In addition to the 10 diets described above, two additional diets were formulated to supply the recommended level of P (.32% aP or .48% tP); one diet was fed without phytase and one was fed with 1,400 U of phytase/kg diet. The diet without the addition of phytase served as the positive control. Each of the 12 dietary treatments was fed to four replicate pens of two pigs each.
The basal diets were semipurified diets and contained only soybean meal as the protein source (Table  1) . Soybean meal supplied all the P contained in the basal diet, and the estimated aP content was .05% (Cromwell, 1992) . Cornstarch, dextrose, and soybean oil were used as energy sources. The desired level of aP in the other basal diets was achieved by the addition of defluorinated phosphate (Fine CDP, Southern Bag Corp., Valdosta, GA). The Ca to tP ratio was maintained at 2:1 in all diets except the .32% aP diets, in which a 1.46:1 ratio was used for the positive control. The Ca:aP ratios at .05, .16, and .32% aP diets were 8.6:1, 4.0:1, and 2.2:1, respectively. Defluorinated phosphate and limestone were added to the diets at the expense of cornstarch. Because phytate was supplied only from the soybean meal, the dietary content of phytate P, .13%, was similar in all diets. Chromic oxide was included at a level of .10% in diets as an indigestible indicator for digestible measurements. To obtain a homogeneous distribution of the indicator in the diet, chromic oxide was first mixed in a small mixer with cornstarch at a ratio of 1:3 (wt/wt) and then ground in a laboratory mill to pass through a 1-mm sieve (Dellaert et al., 1990) .
Sampling and Analysis. During the 5-wk test, pigs
were weighed individually, and pen feed intake was recorded at weekly intervals. Grab fecal samples were collected from each pen during wk 4 and 5. During each of these weeks, feces samples were collected twice daily (morning and evening) on three alternate days. Collections from each of the 3 d within a week were pooled and frozen at −20°C in sealed plastic bags for subsequent analysis. After thawing, fecal samples were dried in an oven at 70°C. The dried samples, along with representative samples of diets, were ground to pass through a 1-mm sieve. Dry matter was determined according to standard AOAC (1990) methods. After a wet acid digestion with nitric and perchloric acid (5:3, vol/vol), total P concentrations of the samples were assayed photometrically (AOAC, 1990) , and Ca and Cr concentrations were determined with an atomic absorption spectrophotometer (model 5100 PC, Perkin-Elmer, Norwalk, CT) using the manufacturer's recommendations. Nitrogen concentration was determined using the Kjeldahl method. The apparent absorption of Ca, P, and N over the total tract were calculated (Dellaert et al., 1990) . The digestibility data for wk 4 and 5 were averaged for statistical analysis. At the end of wk 5, all barrows (one per replicate pen, four per treatment) were killed for collection of bone samples. The front foot and the 10th rib on the left and right sides were removed and frozen in sealed plastic bags. The foot samples were later thawed, extraneous tissue was removed, and the 4th metacarpal was retained. Tissue also was removed from the rib samples. The width of the bones at the narrow and wide dimensions of the bone shaft was measured. Bones were then refrozen in sealed plastic bags for shear force and shear energy determination as described by Combs et al. (1991a) .
The shear force of the 4th metacarpal and the 10th rib were determined using an Instron Universal Testing Machine (model 1123, Instron Corp., Canton, MA). Bones were thawed in sealed plastic bags immediately before testing to prevent desiccation. After the shear failure test, wall thickness was measured using dial calipers after the bones were cut in the middle. Shear stress values were calculated according to the formulas of Combs et al. (1991a) for metacarpal and of Wilson (1991) for rib. After the shear test, the bones were oven dried at 100°C for 24 h and ashed in a muffle furnace at 600°C for 24 h. Bone ash was expressed as a percentage of the dry weight.
Statistical Analysis and Calculation of Phosphorus
Equivalency Values. The data were analyzed by the GLM procedure of SAS (1990) . Performance and absorption data were analyzed using the pen as the experimental unit, and bone measurements were analyzed using individual pig values as the experimental unit (one pig per pen). Linear and quadratic effects of supplemental phytase within .05 or .16% aP level and the effect of three dietary levels of aP (.05, .16, and .32%) without added phytase were tested using orthogonal polynomials. A comparison between the positive control diets with and without phytase was made using non-orthogonal contrasts. Second-order translog functions were derived for the 2 × 5 factorial with the following model: LnY = a 0 + a 1 D 1 + a 2 LnX + a 3 (LnX) 2 + a 4 D 1 LnX, where Y = response measurements; X = phytase added (units per kilogram of diet); D 1 = P level, when aP = .05% in the diet, D 1 = 0, and when aP = .16%, D 1 = 1. The most sensitive indicators were determined by examining the R 2 values of the second-order translog equations from all of the measurements. The second-order translog function was chosen because Driscoll (1994) demonstrated that this function is a flexible functional form that can provide second-order approximations to any underlying function.
Nonlinear (Proc NLIN) or linear functions that best fit the data were derived using treatment means for phytase levels at .05 or .16% aP level and for three aP levels without added phytase. The nonlinear regression model used was Y = a(1 − be −kX ) , and the linear regression model was Y = a + bX, where Y = response measurements; X = aP (percentage) or phytase added (units per kilogram of diet). The functions generated from all the measurements with higher R 2 ( ≥.55) were used to calculate P equivalency values. Functions not used were bone shear stress, apparent digestibility of DM, Ca, and N, which had lower R 2 (<.50), and P excretion with opposite response trend between aP levels and phytase levels. The equation for aP and the equation for added phytase at each of the two levels of aP were set equal. For example, the equation for ADG at .05% aP was as follows:
where, X 1 = available P (percentage); X 2 = phytase added (units per kilogram of diet). The resulting equations were used to calculate the equivalent aP (percentage) at 250, 500, 750, and 1,000 U of phytase/ kg of diet. For example, given phytase ( X 2 ) = 500 U/ kg of diet, then the equivalent aP ( X 1 ) = .3910 − .3074e −.0003( 500) and X 1 = .13% (Table 6 ). Therefore, released P = equivalent aP − aP in the diet (for example: .13% − .05% = .08%). That means the growth response of 500 U of phytase/kg of diet is equal to that of .08% aP or to that of .8 g of aP/kg. Because of their sensitivity, economic importance, and relative ease of determination, values for ADG and apparent absorption of P were then used to determine the amount of P released, and the released P was expressed as a percentage of phytate P. The amount of P released per 100 U of phytase also was calculated. The average functions for amount of P released (Y, grams per kilogram), released P as a percentage of phytate P (Y, percentage), and amount of P released per 100 U of phytase (Y, grams) by microbial phytase (X, units per kilogram of diet) were developed for aP levels of .05 and .16%.
Results
Performance. During the 5-wk trial, ADG ( P < .01), ADFI ( P < .06), and gain:feed ( P < .01) of weanling pigs were linearly increased by increasing amounts of dietary aP (Table 2) . Graded levels of phytase linearly increased ADG ( P < .02) and gain:feed ( P < .01) of pigs fed .05% aP diets, whereas pigs fed .16% aP diets responded with linear increases in ADG ( P < .01), ADFI ( P < .01), and gain:feed ( P < .03). The ADFI response to added phytase was much greater for pigs fed .16% aP diets than for those fed .05% aP, resulting in an aP × phytase interaction ( P < .05). No interactions were observed for any other performance measurements. The response curve equations for ADG, ADFI, and gain:feed during wk 1 to 5 were developed and are shown in Tables 3 and 4 . Phytase (1,400 U/kg diet) was added to the diets containing .32% aP to evaluate any possible "extraphosphorus" effects of the enzyme. The results revealed that such an effect was seen only during the first 14 d of the trial; pigs fed the positive control diet with added phytase grew faster ( P < .06, 335 vs 270 g ) and were more efficient in feed utilization ( P < .02, 663 vs 588 g/kg) than pigs fed the positive control diet without phytase. However, during wk 3 to 5, there was no response of added phytase on performance; over the 5-wk trial, performance means were numerically larger only for pigs fed the .32% aP with added phytase.
Apparent Digestibility and Apparent Absorption
Coefficients. Increasing the amount of aP without adding phytase linearly decreased ( P < .01) the digestibility of dry matter and apparent absorption of N ( Table 2 ). The absorption of P was linearly increased ( P < .01) as the dietary level of aP increased, but there was no effect on Ca absorption. An aP × phytase interaction ( P < .01) was observed for DM digestibility. At .05% aP, DM coefficients linearly decreased ( P < .01) as the level of phytase increased, but at .16% aP, DM coefficients quadratically increased ( P < .05) from 0 to 1,050 U of phytase/ kg of diet and then decreased at 1,400 U of phytase/kg of diet. Addition of graded levels of phytase increased absorption of P ( P < .01), whereas an effect of phytase on Ca absorption was observed only at .16% aP (quadratic, P < .10). An aP × phytase interaction ( P < .09) for N absorption revealed a linear decrease ( P < .01) at .05% aP as the level of phytase increased, but there was a quadratic increase ( P < .01) at .16% aP. Adding 1,400 U of phytase/kg of diet to the diets containing .32% aP increased ( P < .01) the absorption of P but did not change the absorption of Ca or N or the digestibility of DM. Adjusting absorption and digestibility coefficients for P, Ca, and N, as suggested by Dellaert et al. (1990) , resulted in only small changes and responses were unchanged. Response curve equations for DM, P, Ca, and N were developed and are shown in Tables 3 and 4 . a Performance data are from four pens (two pigs per pen) per treatment mean; average initial weight, 7.53 kg. Digestibility and absorption coefficients are from four replicate pens (averaged from samples at wk 4 and 5, two pigs per pen) per treatment mean.
b PY = added phytase, U/kg diet; aP = available P, %; Lin, Quad = the main linear or quadratic effects of added phytase at .05 and .16% aP levels; Lin 1, Quad 1 = linear or quadratic effects of added phytase within .05% aP; Lin 2, Quad 2 = linear or quadratic effects of added phytase within .16% aP; Con 1 = effect of phytase at .32% aP; Con 2, Con 3 = linear or quadratic effects of dietary aP levels (.05, .16, and .32%) without added phytase, respectively. Fecal P excretion was increased when the amount of aP (without phytase) was linearly increased ( P < .01). Addition of graded levels of phytase quadratically decreased fecal P excretion ( P < .05). Supplementing 1,400 U of phytase to the diet with .32% aP decreased ( P < .01) fecal P excretion.
Bone Characteristics. Increasing levels of aP linearly increased shear force ( P < .01), shear stress ( P < .09), shear energy ( P < .05), and percentage of ash ( P < .01) in metacarpals and 10th ribs (Table 5) . Adding graded levels of phytase linearly increased shear force ( P < .02), shear energy ( P < .08), and ash percentage ( P < .01) of metacarpals; however, shear stress was not consistently affected by phytase addition. Addition of graded levels of phytase linearly increased ( P < .01) all the characteristics of 10th ribs with the quadratic effect significant for shear force ( P < .01) and ash percentage ( P < .01). Supplementation of 1,400 U of phytase to the diet containing .32% aP improved shear force ( P < .01), shear stress ( P < .05), and ash percentage ( P < .01) of metacarpals and shear energy ( P < .01) of the ribs. Response curve equations were developed and are shown in Tables 3 and 4 .
Sensitive Indicators. The second-order translog equations from the measurements of ADG and ADFI showed R 2 of .63 and .52 ( P < .01), respectively, whereas the equation of gain:feed had a lower R 2 (.33; Table 3 ). The equations for P absorption had a R 2 of .46 ( P < .01), and the equations for DM coefficients, Ca, and N absorption had very low R 2 (.12, .05, and .12, respectively). The equation for fecal P excretion had a R 2 of .69 ( P < .01). For measurements of bone characteristics, the equations for shear force and ash percentage showed R 2 ranging from .52 to .81; the equation of shear stress had a low R 2 (<.30), and the R 2 values for shear energy were intermediate. On the basis of the R 2 values of the equations, measurements of ADG, ADFI, P apparent absorption coefficient (percentage), fecal P excretion (grams per day), shear force, and ash percentage of 4th metacarpals and 10th ribs are sensitive indicators for evaluating the effects of phytase for improving the availability of phytate P in soybean meal for pigs.
Phosphorus Equivalency Values of Microbial Phytase.
Estimates of P equivalency values of microbial phytase were calculated (Table 6 ) using linear or nonlinear response equations (Table 4 ) of graded levels of aP and phytase for all the measurements except bone stress, apparent digestibility, and absorption coefficients of DM, Ca, and N, and P excretion. However, only P equivalency values for ADG and apparent absorption of P were used for calculating released P. Adding phytase levels of 250, 500, 750, and 1,000 U/kg of diet could replace .52, .83, 1.08, and 1.21 Table 3 . Second-order translog functions for growth performance, apparent digestibility coefficients, fecal P excretion, and bone characteristics of young pigs fed soybean meal-based semipurified diets containingvarious amounts of P and supplemented phytase for 5 weeks a Four pigs per treatment mean. Units are Newton (N), N/cm 2 , and N-mm for shear force, stress, and energy, respectively. b PY = added phytase, U/kg diet; aP = available P, %; Lin, Quad = the main linear or quadratic effects of added phytase at .05 and .16% aP levels; Lin 1, Quad 1 = linear or quadratic effects of added phytase within .05% aP; Lin 2, Quad 2 = linear or quadratic effects of added phytase within .16% aP; Con 1 = effect of phytase at .32% aP; Con 2, Con 3 = linear or quadratic effects of dietary aP levels (.05, .16, and .32%) without added phytase, respectively. g/kg of inorganic P as defluorinated phosphate in the diet, respectively. The released P from phytate P is 40, 64, 83, and 93%, respectively. The total amount of P released increased as the phytase level increased, but the amount of P released per 100 U of phytase decreased. The replacement of 1 g of P would require approximately 777 U of microbial phytase when the .05% aP level was fed; approximately 623 U of phytase would be required when the .16% aP level was fed. Approximately 676 U of phytase would be required to release 1 g of P when the two aP levels are combined.
Discussion
The results of this experiment indicate that Natuphos ® phytase is effective in improving P availability from phytate P in soybean meal for young pigs. Adding 1,050 U of phytase to the basal diet increased P apparent absorption by 23%, decreased fecal P excretion by 10%, increased bone mineralization by 40%, increased ADG by 30%, increased ADFI by 24%, and increased gain:feed by 11%. These results agree with other findings in pigs (Jongbloed et al., 1992; Cromwell et al., 1993a,b; Lei et al., 1993b,c) . Phytase improved the apparent absorption of phytate-bound P in soybean meal, and the increased absorption of P was well utilized as evidenced by improved bone mineralization.
The maximum apparent absorption of P seems to occur at phytase levels of 700 to 1,050 U/kg of diet in the soybean meal-based semipurified diet with .05 or .16% aP. The addition of 1,400 U of phytase/kg of diet produced a lower response than did the 1,050 U/kg of diet. The response curves for ADG, shear force, and ash percentage of metacarpal and 10th rib also indicated that the maximum response levels of phytase were at the range of 700 to 1,000 U/kg of diet. The results of Lei et al. (1993c) indicated that the response to added Finase ® phytase seemed to reach a plateau at approximately 1,200 U/kg of diet in weanling pigs fed a corn-soybean meal diet with .05% aP. Veum et al. (1994) demonstrated that the maximum response of added Natuphos ® phytase ranged between 800 and 1,200 U/kg of diet for growing pigs fed a canola-grain sorghum diet with .06% aP (.44% tP). It seems that the maximum response of added phytase is below or approximately at 1,000 U/ kg of diet when included in low P diets of pigs.
In comparison to results when the .32% aP diet (positive control) was fed, the maximum performance (combining ADG, ADFI, and gain:feed) of pigs with phytase added to .05 or .16% aP diets was 88.4 or 97.4% of the defluorinated phosphate response. Similarly, the maximum P absorption of pigs with added phytase was 80.9 and 97.8% of that of the positive Table 6 . Phosphorus equivalency values of microbial phytase for young pigs fed soybean meal-based semipurified diets containingvarying amounts of P and supplemental phytase for 5 weeks a Equations for phytase, see Table 5 .
b Y = response; X = available P, %.
c Mean equivalent of aP comes from the data of average daily gain and absorption of P.
d Equivalency equation Y = 1.519
, r 2 = .99, at .05% aP; Y = 1.600
, r 2 = .99, at .16% aP, where Y = released P (g/kg) and X = phytase activity (U/kg of diet).
e Phytate P (60% total P ) in this diet is .13%.
f Y = released P (g/kg) and X = phytase activity (U/kg of diet).
g Y = % of phytate P released and X = phytase activity (U/kg of diet).
h Y = released P (g)/100 U of phytase and X = phytase activity (U/kg of diet control diet. The maximum responses of bone (combining metacarpal and 10th rib) shear force, stress, energy, and ash percentage of pigs fed .05 or .16% aP diets with added phytase compared with the positive control were 57.8 or 77. 7%, 86.3 or 95.2%, 50.8 or 76.2%, and 79.3 or 92.7%, respectively . All the responses from phytase addition at .05% aP diets were lower than those at .16% aP diets. A partial explanation is that the Ca:aP ratio in .05% aP diets was wider than that in .16% aP diets (8.6 vs 4.0), though both of them had the same Ca:tP ratio ( Table 1 ). The wider Ca:aP ratio may impair the utilization of P and phytase (Qian et al., 1995) . The addition of phytase will also improve the availability of Ca, probably through the release of Ca from the phytate complex; thus the effect of a widening Ca:tP may be worsened. Another possible reason is that the amounts of available Ca and P (.43% Ca and .13% aP) in .05% aP diets after phytase addition were still deficient, whereas the amounts of available Ca and P (.64% Ca and .24% aP) in .16% aP diets after phytase addition were close to the recommended NRC (1988) level.
Adding microbial phytase to the low aP diet decreased fecal P excretion (grams per day), whereas adding inorganic P increased fecal P excretion (Table  2 ). In comparison to results when the diet of .32% aP (NRC recommended level) was fed, fecal P excretion was decreased 25 to 50% by the addition of the phytase to the low aP diets. The results presented here agree with other findings in pigs fed cornsoybean meal diets (Jongbloed et al., 1992; Cromwell et al., 1993b; Lei et al., 1993c) . Obviously, adding phytase to pig diets provides an important means of environmental protection, because P is considered an environmental pollutant that contaminates surface soil and water (Cromwell and Coffey, 1991) .
Using the P equivalency function shown in Table 6 ( Y = 1.546 − 1.504e −.0015X ) , the replacement of 1 g of inorganic P from defluorinated phosphate would require approximately 676 U of phytase. The P equivalency values are close to those calculated from published data using the same type of diets or using corn-soybean meal diets for pigs (Yi et al., 1994) . In this study, Ca:tP ratio at .32% aP diets was 1.46:1 in order to be a positive control, which is not consistent with the ratio at .05 and .16% aP diets (2.0:1) On the basis of the study of Qian et al. (1996) , in which Ca: tP ratios were widened from 1.2:1 to 2.0:1, the response measurements of young pigs could be reduced more than 10%. Thus, the measurements of .32% aP diets in our study with 1.46:1 ratio were higher than those with 2.0:1 ratio. If adjustment for the measurements was made, the calculated P equivalency values of phytase could be higher than those reported. For example, the ADG and apparent P absorption at .32% aP without added phytase (Diet 11) will be 381 g (423 − (423 × 10%)) and 49.0% (54.5% − (54.5% × 10%)) when the measurements were adjusted by 10%. Then, the developed P equivalency function is Y = 1.617 − 1.690e −.0017X , and the replacement of 1 g inorganic P from defluorinated phosphate would require approximately 593 U of phytase. reported 1 g of P from monocalcium phosphate was equivalent to 380 U of phytase when based on P retention and 403 U of phytase when based on phalanx crude ash, when pigs were fed a corn, oat, and soybean meal-based diet. In a review paper, concluded that for diets based mainly on corn and soybean meal, 500 U of phytase was equivalent to 1 g of P from monocalcium phosphate (= .8 g of digestible P).
Using the P equivalency equation generated in this study and based on additions of 250, 500, 750, and 1,000 U of phytase/kg of diet, 40, 64, 83, and 93% of the phytate P in soybean meal was released. Cromwell et al. (1993a) observed that adding 250, 500, and 1,000 U of phytase/kg diet would release 14, 22, and 43%, respectively, of the phytate P in a soybean mealbased semipurified diet fed to growing pigs in terms of the measurements of bone shear force. in a study using pigs fed a grain-soybean meal diet reported that adding 250, 500, and 1,000 U of phytase/kg of diet released 15, 42, and 57% of the phytate P, based on bone ash content, and P and Ca retention. The reason for the higher percentage of released P of phytate in our study may be due to the fact that the standard P was defluorinated phosphate, which had lower bioavailability than monocalcium phosphate (Cromwell, 1992) used in the studies of Cromwell et al. (1993a) and . If the availability of defluorinated phosphate is assumed as 80% of that of monocalcium phosphate, the released P by phytase will be .041, .069, .086 and .096% at phytase levels of 250, 500, 750, and 1,000 U/kg of diet, which represent 32, 53, 66, and 74% of phytate P. Another possible reason is that the measurements (ADG and apparent P absorption) used in our study were different from those used in the studies of Cromwell et al. (1993a;  bone shear force) and  bone ash content and P and Ca retention). Our data (Table 6 ) showed that P equivalency values of phytase calculated by ADG and apparent P absorption were more than 30% higher than those by bone shear force and percentage ash. Our results also are supported by the observation of Jongbloed et al. (1992) , who reported that the ileal digestibility of phytic acid was increased from 9 to 59% by adding 1,500 U of phytase/kg of diet to a corn and soybean meal diet fed to growing pigs.
The results of this experiment indicate that adding phytase (1,400 U/kg of diet) to the diets containing near the recommended level of P (.32% aP and .48% tP) further improved several response measurements; the apparent absorption of P was increased 13% ( P < .002), metacarpal shear force was increased 19%, and ash percentage was increased 10% ( P < .001). Similar results also were found in young pigs fed corn-soybean meal-based diets (Kornegay and Qian, 1994) or canola-grain sorghum-based diets (Veum et al., 1994) . Other supporting evidence is that as response equations for the performance data from five levels of phytase (0, 350, 700, 1,050, and 1,400 U/kg of diet) and three levels of aP without phytase (.05, .16, and .32%) were used to calculate the P equivalency values of phytase, the P released from phytate in soybean meal approached 100% (Table 6 ). The extra beneficial effects must have come from the improved utilization of other nutrients. Therefore, phytase not only improves P utilization in the low P diets, but may improve the utilization of other nutrients such as CP, amino acids, other minerals, and trace minerals, which are bound to phytic acid. Supporting evidence has also been shown in the studies of Pallauf et al. (1992 Pallauf et al. ( , 1994 with low P diets and in the studies of Lei et al. (1993a) and Mroz et al. (1994) with adequate P diets.
Effects of P and phytase additions resulted in only small and variable changes in the apparent digestibility of DM and the absorption of Ca and N in this study. Phytic acid exists as phytin in plants ( Cosgrove, 1980) . Because of its anionic phosphate groups, phytate possesses the ability to bind with cationic minerals and cationic groups of protein (Reddy et al., 1982; Morris, 1986; Champagne et al., 1990) . Ketaren et al. (1993) found that addition of phytase increased growth rate, protein deposition, protein retention, and energy retention but had no effect on the apparent digestibility of DM or CP. Mroz et al. (1994) reported that addition of phytase enhanced the apparent digestibilities of DM, OM, Ca, CP, and amino acids. Clearly, further research is needed to determine the effects of adding phytase on the utilization of CP, amino acids, other minerals, and trace minerals bound to phytic acid in the diets of pigs and poultry.
Results in this experiment indicate that the measurements of ADG, ADFI, P apparent digestibility coefficient (percentage), fecal P excretion (grams per day), shear force, and ash percentage of metacarpal and 10th rib are relatively sensitive indicators of P nutriture. Average daily gain and ADFI, especially ADG, of young pigs also were found to be sensitive indicators in the studies of Cromwell et al. (1993a,b) and Lei et al. (1993b,c) with addition of graded levels of phytase. The apparent absorption coefficient of P was considered the best indicator to determine the nutritional value of feed phosphates in the study of Dellaert et al. (1990) . Apparent absorption of P measured with .10% chromic oxide in the diets of this experiment supports their observation.
Bone indicators are often used to evaluate P and Ca status in pigs (Koch and Mahan, 1985; NRC, 1988; Combs et al., 1991a,b) . Generally, metacarpal, metatarsal, and femur of pigs were used. In this experiment, shear force and ash percentage of metacarpal and 10th rib were sensitive. Shear energy is the energy required to deform a bone to the point of fracture and represents the area under the forcedeformation curve up to the point of fracture. Bone shear energy was less sensitive than shear force or ash percentage. In this study, both metacarpal and 10th rib shear stress showed low sensitivity. As both shear force and area increase, shear stress tends to remain constant. Similar responses were observed by Kornegay and Qian (1994) .
